This paper reviews work being carried out at Cardiff on tribological aspects of heavily loaded gear tooth contacts. The contacts occurring in high conformity (Wildhaber-Novikov) gears have been analysed to predict the thickness of the lubricant film, and the work has been extended to include a consideration of surface roughness effects in gears of this type. For conventional gears a different rough surface elastohydrodynamic ( E H L ) analysis has been developed and this shows that roughness  features can become almostjattened where they occur within the main E H L contact. Recent work on scufing research is described and  new developments in the search for a physical explanation of this form of failure are discussed. 
INTRODUCTION
This presentation describes the results of recent work at Cardiff on some aspects of the tribology of gears, with particular reference to gears used in aerospace transmissions. The work has concentrated on the development of an understanding of the physical mechanism of the lubrication and failure of heavily loaded contacts operating at high temperatures. Under these conditions the oil film thickness can be relatively thin in relation to surface roughness. A specific aim of the work is to improve understanding of the role of surface finish and how this affects the incidence of scuffing failure.
The regime in which most types of gear tooth contacts operate is EHL although, as will be seen later, it will be necessary to consider surface roughness effects. The principles and theory of EHL as related to perfectly smooth surfaces are highly developed and the wellknown inverse hydrodynamic technique of Dowson and Higginson (1, 2) can be used to analyse 'line' contacts, such as those occurring in spur and helical gears, provided that the oil film thickness is significantly greater than the mean height of surface roughness asperities. The inverse hydrodynamic technique has also been extended by Evans and Snidle (3) to enable the analysis of 'point' contacts with maximum contact pressures of over 4 GPa. This development has made possible the prediction of the minimum oil film thickness in the * Now deceased. All correspondence regarding the paper should be sent to R. W .
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'point' contacts occurring between the teeth of conformal or Wildhaber-Novikov (W-N) gears which have been used in helicopter rotor drives (4-5).
The results of the analysis of W-N contacts show that under conditions of heavy load and high temperature the film can thin, at the sides of the contact, to the extent that some asperity interaction will occur. It is also clear that a similar condition occurs near the ends of the teeth of involute gears running at high temperatures.
In W-N gears the finishing marks on the gear teeth are aligned with the direction of lubricant entrainment (corresponding to the x direction in Fig. 1) . The effects of roughness of this 'longitudinal' orientation in an EHL analysis (6, 7) have been modelled and it has been shown that significant ripples in the hydrodynamic pressure distribution cause asperities to distort and behave as 'micro-EHL' contacts. The film thickness in these micro-contacts can be almost as great as that predicted by the smooth-surface EHL film thickness formula of Dowson and Higginson (2) .
This work is relevant to the problem of scuffing of circumferentially finished rollers which have been widely used in experimental simulations of scuffing failure. With the important exception of W-N gears, however, such 'longitudinal' surface finish is not relevant to most types of conventional involute gearing used in the aerospace industry. In conventional gearing the surfaces are finished with grinding marks that are 'transverse' to the direction of lubricant entrainment (that is the y direction of Fig. 1 ). The analysis of EHL of rough surfaces of this type is more complicated owing to the potential non-steady nature of the problem. At the present time, therefore, development of the analysis of this problem is limited to cases where the non-steady aspects are ignored. The complication of the non-steady effect may in some respects be compensated by the twodimensional nature of the contact, and a line-contact analysis can be used. With longitudinal roughness a full side-leakage analysis must be introduced. However, it may be unrealistic to consider gear tooth contacts as 'line' contacts because some end-relief or 'barelling' of the teeth is usually employed. Recent experimental work at Cardiff on the scuffing failure of axially finished discs also shows that scuffing failure of such discs usually occurs at the edge of the contact, suggesting that sideways leakage in the oil film is the cause of failure.
A further strong incentive to include the effects of side-leakage in a transverse roughness EHL analysis is the development of ideas on limiting shear stress effects in side-leakage contacts. In the interests of reality, therefore, it was decided to pursue an EHL analysis of sur-faces with transverse roughness and side-leakage in addition to a simple line-contact analysis of this roughness configuration. Initial results from this theoretical work show that transverse finish gives thicker films than longitudinal finish of the same amplitude.
Theoretical developments and the analysis of real engineering EHL contacts are being backed up by a programme of experimental work using disc machines. Much work has been carried out with circumferentially finished discs with the aim of testing Dyson's (8) scuffing failure hypothesis. More recently, scuffing tests with axially finished discs have been undertaken and it has been shown that discs finished in this way give higher scufiing loads with lower friction. At the present time a high-speed, high-temperature disc machine is being used for simulation of conditions in gas-turbine engine gears. The discs in this machine are axially finished and barrelled to simulate as closely as possible the surfaces of real gears.
The theoretical and experimental work on EHL of engineering surfaces is complemented by a basic study . of the geometrical properties of W-N gears. The aim of this work is to develop an integrated design optimization technique taking account of factors such as contact and tooth root stresses, volume, weight, frictional losses, sensitivity to elastic and thermal distortion, etc.
FILM THICKNESS IN CONFORMAL (W-N) GEAR TOOTH CONTACTS
The geometry of well engineered W-N gear teeth gives rise to an approximately elliptical area of elastic contact. The ratio of the major to minor axes of the contact is typically about four, and the major axis of the contact is approximately in line with the direction of rolling between the teeth which occurs in the axial direction. The velocity of rolling (entrainment) is relatively high in W-N gears but this advantage is offset to some extent by the increased side-leakage which occurs in elliptical contacts which are aligned in the direction of rolling. The minimum film thickness in W-N contacts occurs at the sides of the contact area and it is clearly of importance to have an estimate of the magnitude of this film thickness as an aid to lubricant selection so as to avoid undue thinning of the film at high temperatures.
Using the heavy-load EHL point contact analysis developed at Cardiff it has been possible to provide detailed predictions of the oil film thickness in W-N contacts over a range of loads and bulk surface temperatures. Figure 2 shows the results of a typical set of conditions which give rise to a maximum contact pressure of over 1.9 GPa. The point of particular interest is the thinning of the oil film at the sides of the contact. Fortunately the contact pressures where this occurs are relatively low. Over the central part of the contact where the pressures are high a relatively thick film is generated ensuring complete fluid film lubrication.
MICRO-ELASTOHYDRODYNAMIC LUBRICATION
As mentioned earlier the knowledge that many gears operate with oil film thicknesses which imply a degree of interaction of the roughness features led to the development of analyses for the lubrication of rough surfaces.
The real surfaces found on the teeth of high quality gears used in aerospace applications are usually produced by grinding. The grinding process produces an almost two-dimensional surface finish as shown in Fig.  1 . In most types of gears the direction of this finish is transverse to the direction of lubricant entrainment (rolling) and sliding between the teeth. In W-N gears the rolling direction is axially along the teeth so entrainment of lubricant is in the direction of the finishing marks. Because of the authors' involvement with W-N gears this was the first configuration which was considered.
Ideally the lubrication of a real surface using profiles from actual gear teeth would be analysed. However, in the case of a side-leakage analysis the computing problem becomes more important because of the number of points needed to define the finer-scale features of the finish. The roughness was therefore model- led with a sinusoidal model as shown in Fig. 3 . A full EHL solution was developed for this asperity model. The solution method is similar to that used for W-N contacts except that the analysis must take account of the presence of adjacent asperity contacts, both in the hydrodynamic and elastic parts of the analysis.
Some results from this analysis are shown in Fig. 4 .
These results show that an asperity can become deformed due to the 'ripple' which it produces in the hydrodynamic pressure distribution. Thus, it does not seem to follow that, in cases where the calculated smooth-surface EHL film thickness is less than the height of roughness features, asperity contacts will, necessarily, occur. Note that the mean surface velocity is defined as the mean of the two surface velocities relative to the contact. More striking asperity deformations are predicted in the case of surfaces which are finished trunsuerse to the direction of rolling as investigated in the second micro-EHL model. This model is relevant to conventional gears. Again the roughness model is two-dimensional and, as a first approximation, a sinusoidal asperity shape is used.
An 'elliptical contact' geometry with rolling along the minor axis of the equivalent elliptical contact for smooth, dry conditions has been adopted. This model is illustrated in Fig. 5 . Some results of the analysis are shown in Fig. 6 . The geometry and operating conditions correspond to the high-speed, high-temperature disc machine referred to earlier. The physical properties of the lubricant are those for a gas turbine engine oil. It will be noted that in this case the sinusoidal roughness, which is of the same order as the minimum oil film thickness, is almost completely flattened in the heavily loaded part of the contact. The flattening is produced by significant pressure ripples as shown by the corresponding pressure distribution. The asperities are not completely flattened since this would not provide the conditions necessary for the generation of the pressure ripple. But because the viscosity of the lubricant in the heavily loaded part of the contact is extremely high a significant pressure ripple can be produced by an almost parallel film shape.
In the case shown in Fig. 6 the magnitude of the pres-
sure ripples is contained within the nominal Hertzian distribution and the hydrodynamic pressure in the valleys between asperities is always positive. It is interesting to speculate on the behaviour of a contact in which the pressure between asperities fell to zero, or to a value at which the effect of pressure upon the viscosity of the lubricant became insignificant. This might provide the basis for a criterion for the failure of EHL between rough surfaces, since under such conditions the asperity (micro) contacts would not benefit from the generation of a high pressure by the nominal (macro) contact.
SCUFFING
The preceding section is of relevance to EHL failure and hence to the practical problem of scuffing failure. The approach described is deterministic and is based on a simple sinusoidal model. In earlier attempts to model the EHL failure process Dyson (8) has adopted a stochastic model of rough surface contact and lubrication. Dyson starts from the geometry of the gap between rough surfaces in static, dry contact. In simple terms, Dyson's scuffing hypothesis may be stated as follows: the main EHL system in the lubrication of rough surfaces will fail, and the surfaces scuff, when the hydrodynamic pressure necessary for EHL cannot be generated, even when the surfaces are pressed together in the configuration they would adopt under dry contact conditions. Dyson's theory is applicable to the case of longitudinal roughness. In simple physical terms, Dyson's theory takes account of the leakage paths which are present between surfaces, even when in contact, because of surface roughness. Although Dyson's theory applies to longitudinal roughness it seems clear that the physical principles involved are equally relevant to transverse roughness. Much of the recent experimental work at Cardiff has been aimed at testing Dyson's theory using different oils, steels and operating conditions in a two-disc machine. It has been found that there exists a reasonable correlation between experimental scuffing temperatures and those calculated according to Dyson's theory. In general, however, the experimental temperatures are higher than the predicted values, which suggests that there are other beneficial effects present in practice which are not considered in Dyson's theory.
In Dyson's theory the calculation of the statistical properties of the gap between rough surfaces in contact is based upon the surfaces as they were just prior to scuffing. In practice the surfaces used in the analysis are profiles taken from the unscuffed parts of the scuffed discs used in an experimental run. The theory therefore includes the running-in effect, and this explains why Dyson's theory accounts for the different scuffing performance of straight and extreme pressure oils. In tests under the same operating conditions it is found that when scuffing occurs with an extreme pressure oil the surfaces are significantly more run-in than when run to scuffing failure with a straight oil. Thus, the higher scuffing load with extreme pressure oils is reflected in Dyson's analysis because the surfaces are more run-in and conform more closely. This effect is illustrated in Fig. 7 . These results show that running-in plays an important role in scuffing and that an important effect of extreme pressure additives is that they allow surfaces to run-in to a stage beyond which they would have scuffed with a straight oil.
DISCUSSION AND CONCLUSION
This review of current work at Cardiff shows the progress being made in the analysis of EHL of real engineering surfaces. As mentioned earlier, the strength of EHL theory so far has been its ability to predict the successful operation of heavily loaded lubricated contacts, while its major weakness has been its inability to predict the failure of the lubrication system. Scuffing remains a problem to the gear designer and its avoidance is achieved mainly as a result of experience of design and operation and the use of lubricant additives. Designers of aircraft gears often have to accept lubricating oils which are not of their choosing, however. Lubricant additive packages which might be desirable for a particular gear mesh might not be acceptable elsewhere in the power unit. There is also the obvious need to use standard lubricants wherever possible.
The work described above is aimed at complementing the chemical measures against scuffing by developing an understanding of the physical mechanism of EHL of real surfaces. It is clear that chemical and physical effects are closely interrelated, however, as is demon-(a) Before running (b) Atter running to scuffing failure with an extreme pressure oil Note that profile (b) IS taken from the unscutted part ot the scutted dtsc. strated by results such as those shown in Fig. 7 . One explanation of the effect of extreme pressure additives, therefore, is that they allow the process of running-in to proceed beyond the stage at which scuffing would have occurred with a straight oil. The result of the enhanced running-in process is that the lubricated surfaces are able to conform more closely and thus carry the load hydrodynamically at a higher temperature. Dyson's concept of the failure of EHL between rough surfaces is being pursued both in its stochastic form, and in terms of micro-EHL with asperity models. In a micro-EHL analysis the factor which would seem to lead to failure of the film generating mechanism is the loss of pressure between asperity contacts, both in a longitudinal roughness model and in the transverse roughness model which is more relevant to conventional gears. The loss of pressure between asperity contacts in the latter case would mean that the asperity contacts affected would not benefit from an inlet region viscosity which had been enhanced by the effect of the overall or 'macro'-EHL contact.
A further factor which seems to be worthy of consideration is the effect of non-Newtonian lubricant rheology. Considerable progress has been made in the understanding of traction behaviour of EHL contacts by Evans and Johnson (10) in the United Kingdom and Winer (9) in the United States by their adoption of nonlinear viscosity models. Winer, for example, has adopted a 'limiting shear stress' lubricant model. Evans and Johnson (10) also provide evidence for the existence of a limiting shear stress at which the fluid shears in the manner of a plastic solid. Further exploitation of such lubricant 'strength' concepts in a physical model of EHL contacts, particularly when combined with roughness effects, could lead to a much sounder understanding of the scuffing problem.
